of the space shuttle main engine (SSME) alternate turbopump development (ATD) fuel turbine test article (TTA).
The results from this study indicate that significant increases in stage efficiency can be attained through application of this airfoil clocking concept. Details of the experiment and its resudts are documented in part 1 of this paper. In order to gain insight into the mechanisms of the performance improvement, extensive computational fluid dynamics (CFD) simulations were executed. The subject of the present paper is the initial results from the CFD investigation of the configurations and conditions detailed in part 1 of the paper.
To characterize the aerodynamic environments in the experimental test series, two-dimensional (2D), timeaccurate, multistage, viscous analyses were performed at the TTA midspan.
Computational analyses for five different circumferential positions of the first stage starer have been completed. Details of the computational procedure and the results are presented.
The analytical results verify the experimentally demonstrated performance improvement and are compared with data whenever possible.
Predictions of time-averaged turbine efficiencies as well as gas conditions throughout the flow field are presented.
An initial understanding of the turbine performance improvement mechanism based on the results from this investigation is described.
NOMENCLATURE

AR Aspect Ratio
Cp Coefficient of Pressure c Axial Chord
INTRODUCTION
The objective of the ATD program is to provide line replaceable turbopumps for the SSME. These turbopumps are to be more durable than the baseline SSME turbopumps, but should not change the engine balance.
A series of aerodynamic rig tests was conducted by Gaddis et al. (1992) to measure the performance of the ATD high pressure fuel turbopump (HPFTP) turbine.
The results would then be compared to the results of the baseline HPFTP turbine tests conducted by Hudson et al. (1991) . During the analysis of the data, an interesting phenomenon was uncovered. Turbine efficiency contours generated from a circumferential mapping of the turbine exit showed not only a 54 cycle pattern corresponding to the second stage vane count, but also a two cycle secondary pattern of +/-0.5 percentage points.
A CFD analysis was conducted to determine the circumferential position of the first vane wake as it approaches the second vane leading edge. These predictions were compared with the measured efficiency contours. This comparison showed that the higher efficiency was measured at the circumferential locations where the first stage vane wakes were predicted to be in general alignment with the leading edges of second stage vanes. It was therefore theorized that turbine performance benefits are attainable by properly aligning the first stage vane wakes relative to the downstream vanes.
In order to test this theory, an experimental/analytical study was conducted.
The ATD HPFTP TTA hardware was modified to allow the investigation of the effects of cimumferentially indexing succeeding rows of stator airfoils. 
FIGURE 1. FIRST VANE CLOCKING POSITIONS IN RIG
Although the tests demonstrated the vane clocking concept and the resulting potential benefits, the reasons the benefits were achieved were unknown. In order to gain insight into the mechanisms of the performance improvement, extensive CFD analyses were performed. The analytical approach and results are the subjects of this paper. The analytical approach taken was to apply a 2D, timeaccurate, multistage, viscous code to the ULrbine midspan for each of the clocked vane configurations.
Results from these CFD investigations include time-and circumferentiallyaveraged efficiencies, as well as gas conditions throughout the turbine.
An initial understanding of the turbine performance improvement mechanism based on the results of this investigation is offered.
TURBINE DESCRIPTION
The clocking concept was tested in a modified version of The inlet dome/strut assembly, stators, and rotors accurately duplicate the ATD HPFTP turbine.
In order to evaluate the clocking concept, the number of first vanes of the TTA was increased from 52 to 54 to equal the number of second stage vanes.
The 
METHOD OF SOLUTION
The flow fields for the test series previously described were numerically analyzed using a 2D, time-accurate, viscous code.
The methodology, approach, and grid system are discussed in the following sections.
Code DescriPtion
The CFD code implemented in this study was STAGE2.
STAGE2
predicts the flow through a multistage axial turbomachine with arbitrary blade counts (multiblade) by solving the 2D, unsteady, compressible, thin-layer Navier-
Stokes equations.
The code is an extension of an algorithm detailed in Rai and Chakravarthy (1988) (1989, 1990) .
Code
A DDIication The modified SSME ATD TTA has a vane to blade ratio of 54:50:54:50. For this numerical study, the turbine was modeled as having a 1:1:1:1 ratio. The vanes were scaled by 54/50 to provide the correct blockage.
For the test series, the first vane clocking positions were spaced at 0.02327 rad (1.333°) apart for a total of 0.11635 tad (6.667°), or one vane pitch.
The delta between clocking positions could also be viewed as 20 percent of the vane pitch. Each of these positions provided for a unique flow field. For the analytical investigation, the delta between each clocking position was 20 percent of the scaled vane pitch ( Figure 3) . Because of the modeled 1:1:1:1 ratio, the scaled vane pitch is 0.12566 rad (7.20°), and the delta between clocking positions is 0.02513 rad (1.44°).
In addition, because the turbine is modeled with an equal number of vanes and blades, positions 1 and 6 provide an identical flow field. The 16 inlet struts that were included in the experiment were not modeled.
Previous analysis of the ATD HPFTP turbine by Griffin and Rowey (1993) showed that the strut wake persists through the first stage vane and impacts the first stage blade.
Its effect on the second stage is unknown. To model the turbine flow path more accurately, the strut and the interaction of its wake with the first stator wake should be modeled. However, with the addition of the struts, the The grid around each airfoil consists of an inner zone and an outer zone.
The inner zone is discretized with a fine 'O'
grid surrounding the airfoil.
The 'O' grids are overlaid onto 'H' grids which discretize the outer zones.
The 'H' grids are patched between blade rows and the rotor 'H' grids slide past stator 'H' grids in time. Each airfoil 'O' grid contains 201 X 51 points with an average y+ value of 0.8, and each airfoil 'H' grid contains 97 X 79 points.
Inflow and outflow grids with 36 X 79 and 39 X 79 points respectively complete the system. The inflow and outflow grids extended approximately 15 chord lengths upstream and downstream of the turbine respectively.
The axial spacing increased with distance from the turbine to damp the amplitudes of propagating wave modes as prescribed by Rangwalla and Rai (1993) .
The total number of points in the grid system (shown in Figure 4) is 77,581.
Grid densities for this study are finer than those used by Rangwalla et at. (1992) who showed excellent agreement with data when calculating midspan total pressure loss for a 1 1/2 stage turbine. The grid dimensions in that study were 151 X 41 and 90 X 71 for the inner and outer grids respectively. The Re per inch based on inlet conditions was 100,000 and the blade pitch was 15.39 cm (6.06 in). In the current study, the Re per inch is 460,000 so the airfoil wakes should be slightly thinner which would necessitate a finer grid in the circumferential direction. However, the blade pitch in this study is 1.48 cm (0.583 in) or 9.6% of the blade pitch of the turbine analyzed by Rangwalla et at. Therefore, the authors that the grids used in this study were adequate to meet the objectives of the analysis. It is also possible that the difference is due to a limitation in the analytical technique due to numerical error. In any event, the difference can not be explained at this time, and further work is needed. In order to isolate whether the performance improvement was due to changes in the flow field of the second vane or the second blade, _t-t was calculated for 1 1/2 stages. The predicted I 1/2 stage efficiencies are shown in Table 2 and plotted in Figure 6 . The sinusoidal pattern is still evident, and the AlIt_ t is + /-0.14%. This result indicates that improved second vane performance is a major contributor to the efficiency gain obtained by vane clocking. Therefore, the remainder of the paper will concentrate on performance improvements in the second vane. Entropy contours were generated in order to visualize the airfoil wakes.
RESULTS
AND DISCUSSION
The first vane wake is chopped into discrete pulses by the passing first blade. These pulses leave the rotor at fixed circumferential locations relative to the second vane.
When the flow field is time-averaged, the pulses appear as a continuous streak into the second vane. Figures 7a and b show time-averaged  entropy contours (Sta) for the second vane for positions 2 and 5. These vane clocking positions were predicted and measured to produce the highest and lowest turbine efficiencies respectively. In Figure 7a , it is shown that the first vane wake represented by Sta contours impinges upon the leading edge of the second vane when the first vane is clocked to position 2. Figure To shows that when the first vane is clocked to position 5, its wake passes through the mid-channel of the second vane. These results confirm the earlier CFD predictions for wake positions in the baseline SSME ATD HPFTP turbine. One possible reason for the increased performance of the second vane is reduced surface velocities.
When the first and second stage vanes are clocked so that the time-averaged first vane wake is aligned with the leading edge of the second vane (as in position 2), the second vane has lower surface velocities. Figure  8 shows time-averaged pressure coefficients for the second vane defined in Equation 2 Psi Ce -
(2) PT ,airfoil for positions 2 and 5. indexed.
An increase in unsteadiness would generate additional losses due to increased turbulence.
Animation
of the unsteady entropy contours shows that the first vane wake is chopped into discrete pulses by the first blade.
When the vanes axe optimally indexed, these higher entropy regions from the first vane fill in between first rotor wakes at the second vane leading edge.
This phenomenon can be seen in Figure 9 When the first vanes are in position 5, their chopped wakes travel midway between second vanes. This results in a more discrete first blade wake passing the second vane leading edge, thus increasing the local variation in entropy. Figures 10 a and b show unsteady Cp at points near the leading edge of the second vane on the pressure surface and suction surface respectively versus blade passage. To aid visualization, the plot is repeated for four blade passages.
The increase in the flow field unsteadiness of the position 5 case over the position 2 case is illustrated. On the pressure side, the standard deviation from the time-average is calculated to be 0.00597 for position 2 and 0.00667 for position 5 demonstrating an increase of 11.8% in unsteadiness for position 5 over position 2. On the suction side, the standard deviation from the time-average was 0.00590 for position 2 and 0.00745 for position 5 showing an increase of 26% in unsteadiness for position 5 over position 2.
TIME-AVERAGED 1STVANEWAKE
/ in the data was also predicted. However, the magnitude of the predicted AQt_ t is less than experimentally observed.
The most probable mason for the difference is the 2D nature of the analysis, although limitations in numerical accuracy are possible. The computational results indicate that improved performance of the second vane is a major contributor to the turbine efficiency benefits achievable through vane indexing.
Best performance is predicted to be obtained when the time-averaged first vane wake is aligned with the second vane leading edge .
Reduced surface velocities
and less large-scale unsteadiness on the second vane are seen as possible reasons for the improved second vane performance.
The results from this numerical investigation show that the turbine airfoil indexing phenomenon is predictable and illustrates how to achieve this phenomenon in the hardware. 
